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The flash-induced thermoluminescence (TL) technique was used to investigate the action of N,N,N′,N′-tetramethyl-p-phenylenediamine
(TMPD) on charge recombination in photosystem II (PSII). Addition of low concentrations (μM range) of TMPD to thylakoid samples strongly
decreased the yield of TL emanating from S2QB
− and S3QB
− (B-band), S2QA
− (Q-band), and YD
+QA
− (C-band) charge pairs. Further, the temperature-
dependent decline in the amplitude of chlorophyll fluorescence after a flash of white light was strongly retarded by TMPD when measured in the
presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Though the period-four oscillation of the B-band emission was conserved in
samples treated with TMPD, the flash-dependent yields (Yn) were strongly declined. This coincided with an upshift in the maximum yield of the
B-band in the period-four oscillation to the next flash. The above characteristics were similar to the action of the ADRY agent, carbonylcyanide
m-chlorophenylhydrazone (CCCP). Simulation of the B-band oscillation pattern using the integrated Joliot–Kok model of the S-state transitions
and binary oscillations of QB confirmed that TMPD decreased the initial population of PSII centers with an oxidized plastoquinone molecule in
the QB niche. It was deduced that the action of TMPD was similar to CCCP, TMPD being able to compete with plastoquinone for binding at the
QB-site and to reduce the higher S-states of the Mn cluster.
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Photosystem II (PSII) catalyses the light-driven electron
transport from water to plastoquinone in oxygenic photosyn-Abbreviations: ADRY, accelerator of the deactivation reactions; CCCP,
carbonylcyanide m-chlorophenylhydrazone; Chl, chlorophyll; DCMU, 3-(3,
4-dichlorophenyl)-1,1-dimethylurea; FCCP, carbonylcyanide p-(trifluro-
methoxy)-phenylhydrazone; Fv, variable fluorescence; OEC, oxygen evolving
complex; P680, the primary electron donor of photosystem II; Pheo, Pheophytin
(the primary electron acceptor of PSII); PS, photosystem; PQ, plastoquinone;
QA and QB, primary and secondary quinone acceptors of photosystem II; RC,
reaction center; TMPD, N,N,N′,N′-tetramethyl-p-phenylenediamine; TL, ther-
moluminescence; Tm, temperature maximum of thermoluminescence emission;
YD, the redox active tyrosine 160 of D2 protein; Yz, the redox active tyrosine
161 of D1 subunit
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doi:10.1016/j.bbabio.2006.09.005thetic prokaryotes and chloroplasts of higher plants (for com-
prehensive reviews on PSII, see ref. [1]. Light energy absorbed
by pigment–protein complexes is quickly transferred to the
photochemical reaction centers (RC). Within the PSII RC, a
rapid release of an electron from the excited special chlorophyll
a (Chl a), P680, to the nearest pheophytin (Pheo) molecule
initiates charge separation and formation of P680+Pheo−.
Stabilization of the charge separated state takes place through
electron transfer from Pheo− to the primary quinone acceptor,
QA, in less than 200 ps [2] and reduction of the cationic radical
P680+ by the secondary electron donor, TyrZ (Tyrosine 161 of
D1 subunit), in 10–500 ns [3]. As a result, PSII centers in the
YZP680
+Pheo−QA state are stabilized as YZ
+P680PheoQA
− states
in sub μs time scale. The secondary quinone acceptor of PSII,
QB, receives the electrons from QA
− in a two-step process.
Electron transfer from QA
−QB→QAQB
− and QA
−QB
−→QAQB
2−
1548 A. Gauthier et al. / Biochimica et Biophysica Acta 1757 (2006) 1547–1556takes place in ∼150 and ∼400 μs, respectively [4]. Following
protonation, plastoquinol (PQH2) is released from the QB pocket
and is replaced by an oxidized plastoquinone (PQ) molecule to
sustain the photochemical competence of PSII.
The architecture of the photosynthetic oxygen evolving
complex (OEC) deduced from the most recent X-ray analysis of
PSII crystals shows that the two Chl a molecules (PD1 and PD2)
of P680 are spatially separated by a Mg–Mg distance of about
7.6 Å [5]. The cationic radical P680
U+ located on one of these
Chl a monomers in a redox equilibrium [6] oxidizes both TyrZ
and TyrD (Tyr 160 of D2 subunit). These two electron donors are
located at a distance of about 13.5 Å from PD1 and PD2, res-
pectively [5]. Despite being positioned equidistantly from P680,
the mechanistic roles of TyrZ and TyrD remain contentious (for a
review, see Ref. [6]). In fact, P680
U+ reduction by TyrZ proceeds
with the half-time of about 23 ns [3], whereas the TyrD oxidation
by P680
U+ is relatively slower [6,7]. Besides, TyrD+ is highly
stable. On the other hand, the lifetime of TyrZ
U+ is very short
as the Mn cluster of the water oxidation complex reduces it in
30–1200 μs [8]. The successive generation of oxidation
potential following the absorption of four quanta of excitation
light is the driving force for the Mn cluster to cycle through the
S-states, S0→S1→S2→S3→ (S4)→S0, with a half-times of
about 30, 110, 350, and 1300 μs, respectively for every forward
transition [9]. Concurrent with the release of dioxygen from
water, the S4-state decays to the S0-state after the 4th flash.
At least two groups of agents have been used to study the
chemical mechanism of oxygen evolution and the reactivity of
the Mn-complex. The first group of agents includes ADRY
reagents that selectively accelerate the decay of S2 and S3 states.
The second group is composed of hydroxylamine (NH2OH) and
hydrazine (NH2NH2) that are highly accessible to the catalytic
site of water oxidation and cause robust changes in the flash-
dependent yield of O2 [10–14]. On the other hand, interaction of
chemical oxidants and exogenous quinones on the stromal side
of PSII markedly affects the binding of PQ in the QB niche, as
shown by the rapid quenching of Chl fluorescence [15,16].
Another redox agent, N,N,N′,N′-tetramethyl-p-phenylene-
diamine (TMPD), which was widely used as an electron donor
for photosystem I (PSI) over the period of the last three decades,
also acts as an efficient PSII electron acceptor. In fact, TMPD
interrupts the linear electron flow and permits the steady efflux
of electrons from PSII to PSI bypassing the cytochrome b6/f
complex [17]. Recently, it was shown that TMPD canmodify the
rates of electron transfer between the quinone acceptors of PSII
[16–18]. Indeed, in measurements using isolated thylakoids,
about 20 μM TMPD effectively restores the kinetics of Chl
fluorescence rise comprising of three intermediate phases (O–J,
J–I, and I–P) found in intact green photosynthetic tissues [18].
The above indicates that TMPD can effectively interact with the
QB site.
A recent report shows that high concentration of TMPD
(about 1 mM) can release Mn2+ from the OEC devoid of
essential cofactors such as Ca2+ and Cl− [19]. If the water
oxidation complex is reconstituted with Ca2+, the reactivity of
TMPD with the Mn-cluster is retarded. Yet the oxidation of
TMPD by reduction of Mn4+ to Mn3+ is not prevented. It isworth mentioning that NH2OH elicits similar effect on the Mn-
cluster of the OEC [19]. In the absence of Ca2+,Mn3+ state of the
OEC is also vulnerable for reduction by TMPD. It was shown
that even low concentrations of this agent may interfere with the
redox state of the S-state cycle [16,17].
Thermoluminescence (TL) originating from pre-illuminated
photosynthetic tissues at characteristic temperatures is used to
epitomize PSII charge recombination [20–23]. Charge recom-
bination in luminescent pairs such as S2QA
− (Q-band), S2QB
− and
S3QB
− (B1 and B2-bands), and YD
+QA
− (C-band) was extensively
studied over a broad range of temperatures [20,22]. Recombina-
tion of S2QA
− or YD
+QA
− is measurable when the forward electron
transfer is curtailed beyond QA
− [20,22]. The yield of TL
originating from S2QA
− recombination is usuallymaximal at∼5–
15 °C, compared to the peaking temperatures for back-reactions
involving S2QB
− and S3QB
− (20–35 °C) or YD
+QA
− (40–50 °C)
charge pairs [20,22,24]. Notably, B-band emission follows a
period-four oscillation pattern. The flash-dependent yield of
B-band emission is frequently employed as a powerful method
to examine the redox states of the intermediate carriers at the
donor and acceptor sides of PSII.
In the present investigation, thermoluminescence was used to
elucidate the TMPD-induced modifications in the recombina-
tion reactions of the luminescent charge pairs. We show for the
first time that TMPD efficiently interrupts the recombination
processes within PSII. Exogenous addition of TMPD to
thylakoids in darkness brought about significant loss in the
amplitudes of the S2QB
−, S3QB
−, and S2QA
− recombination. This
was mainly attributable to a strong decline in the available donor
side recombination partners for the quinone acceptors as a result
of a change in the redox state of the S2/S1 couple. The period-
four oscillation of the B-band emission confirmed the reduction
of the higher oxidation state of the Mn-complex caused by
TMPD. In this aspect, the action of TMPD was similar to CCCP
but differed from NH2OH. Further, TMPD shifted the maximal
yield of the B-band in the period-four oscillation from Y1 to Y2
due to binding of TMPD in the PSII QB pocket.
2. Materials and methods
2.1. Plant material
Pea (Pisum sativum L.) plants were grown on potting soil mixture and
vermiculite, respectively, in a climatic growth chamber (C.P.Fabien Inc.,
Montréal, Canada) at 20±2 °C under conditions of 14-h light (100–
120 μmol m−2 s−1) provided by Ceramalux® (Philips Electronics Ltd.,
Scarborough, Canada) sodium and mercury lamp followed by 10 h of darkness.
2.2. Isolation of thylakoid membranes
Thylakoid membranes were isolated from leaves of 10-day-old pea plants
according to Ref. [25] except that the homogenized leaves were filtered
through a layer of Miracloth (EMD Biosciences, Inc., La Jolla, USA). The
pellet of thylakoid membranes was suspended in a medium containing 50 mM
Tricine–NaOH (pH 7.8), 400 mM sorbitol, 10 mM KCl, 10 mM NaCl, and
5 mM MgCl2 to a final concentration of 2 mg Chl/mL as estimated following
the procedure outlined in Ref. [26]. The functional integrity of the thylakoid
membranes was assessed by measurements of the quantum yield of PSII as
Fv/Fm ratio using Plant Efficiency Analyser (Hansatech, King's Lynn, Norfolk,
UK). This quantum yield was close to 0.800±0.003 (SE), 0.820±0.004, and
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respectively.
2.3. Thermoluminescence measurements
Thermoluminescence measurements were carried out with a laboratory built
equipment. For complete description of the design and functional aspects, see
Ref. [20]. The instrument is entirely operated through a computer with
specialized data acquisition software [27] that enables the activation of light
sources, regulation of sample incubation temperatures and acquisition of TL
emanating from photosynthetic samples with pre-defined heating rates. The
DAQPad-1200 (National Instruments, USA) digital-to-analog interface (con-
verter) was used to direct the software commands to the equipment. The
thermoelectric Peltier plate (Duratec, Marlow Industries Inc., Dallas, TX, USA)
facilitated the temperature regulation during the pre-incubation of thylakoids in
darkness, illumination periods, and acquisition of the emitted luminescence as a
function of linear heating. Thermoluminescence was detected by a red-sensitive
analog photomultiplier (Hamamatsu H7711-50, Ichino-cho, Japan). In order to
prevent the damages to photomultiplier by sample heating during the
measurements, the TL emanating from samples was transmitted through a light
guide, one of the arms of a 5-branched fibre optic guide supplied by Walz
(Effeltrich, Germany). In some experiments, a shutter (Oriel Instruments,
Stratford, CT, USA) operated through a controller device provided additional
protection as this strongly eliminates the tail of the strong excitation light during
the initial phase of the warming process.
2.4. Light sources and excitation of photosynthetic samples
For the analyses of flash induced changes in the TL properties of PSII,
saturating flashes of about 1-μs width (setting 10) from XE-ST Pump Flash unit
(Walz, Effeltrich, Germany) were triggered by TTL pulses from one of the
digital-to-analog port of the DAQPad interface. To measure the flash-dependent
oscillation pattern of the TL signal, the trigger commands were preset in the data
acquisition software to deliver in series.
2.5. Sample preparation for thermoluminescence measurements
For TL measurements, the concentrated suspension of thylakoid membranes
(2 mg Chl/mL) was diluted to 200 μg Chl/mL in a medium containing 50 mM
Tricine–NaOH (pH 7.8), 400 mM sorbitol, 10 mM KCl, 10 mM NaCl, and
5 mMMgCl2. About 200 μL of the diluted suspension was added to the sample
well (15 mm diameter) positioned just above the Peltier plate and covered with
Hellma 202-OS disc window. Then the sample chamber was closed with a
holder bearing the light guide connected to the photomultiplier. All measure-
ments were performed in the dark.
2.6. Sequences of pre-incubation periods and flash illumination
The sequence of detection of thermoluminescence emitted from thylakoids
is presented below. First, dark-adapted samples were incubated for 120 s at
20 °C. Following this step, temperature was brought down to 0 °C within 5–10 s
and kept for 60 s. This incubation temperature was selected in order to avoid
freezing induced damages to the OEC that usually gives rise to artifacts [20]. A
probing single turn over white flash was applied to initiate charge separation in
PSII. During the last step of the measurements, linear warming of samples in
total darkness activates the recombination of PSII charge pairs that can be
detected by the appearance of emission bands with characteristic temperature
optima [20,22].
2.7. Acquisition of thermoluminescence signal and data analysis
The flash-induced TL signal detected by the photomultiplier was acquired
through the signal entrance (A/D) port of the interface and saved as ASCII files.
The data were analyzed using ThermoLite, a software developed in our
laboratory for the purpose of working with Windows OS. This software is an up-
graded version of the original one [27] in which a numerical method based on
the theory of charge recombination [28] was employed to analyze photosyn-thetic TL. The area under the TL curve reflects the total number of charge pairs
or traps detected by the measuring system. We determined the fraction of charge
recombination, L(T), at every sampling step of the linear warming (from low to
high temperatures) recursively by integrating the Arrhenius theory of the
temperature dependence of reaction rate coefficients and transition state theory
of Eyring as shown below:
LðTÞ ¼ NTDtPeðEa=KBTÞ ð1Þ
where N represents the number of charge pairs capable of recombining at
temperature T; Δt=1 as the duration of the sampling step is 1 s; Ea represents
the activation energy (enthalpy); KB is the Bolzmann constant, and the pre-
exponential factor, P=KBe
(1 +ΔS/KB)/h where h is the Planck's constant and ΔS
the entropy.
2.8. Decomposition of the thermoluminescence glow curves
The experimental curves were simulated using the above theoretical
considerations, to determine the values of Ea. This procedure removes the
source of errors contributed by minor overlapping bands in the rising edge of
the TL emission band. For this purpose, the experimental curves were filtered
for noise by linear smoothing. Then the simulation commands were given to
the software to compute Eq. (1) in a step-wise manner from low to high
temperature, beginning from no, the initial step of the area under the TL glow
curve. This was done by varying the number of traps (n), the pre-exponential
factor (P) and the activation energy (Ea) obtained from the experimental glow
curve with the simulation program besides deducting the value of L(T) at each
computation step. This curve fitting process was run several times iteratively to
minimize the sum of squares of the difference between the experimental and
simulated TL curves. The precise values of Ea were calculated from simulated
TL curves.
2.9. Simulation of the advancement of the Sn states
The advancement of the Sn states of the OEC was evaluated for each incident
saturating flash. The sum of the initial Sn states corresponds to S0+S1+S2+
S3=100% for the Mn cluster and QB+QB
− =100% for the quinone acceptors.
While varying the initial Sn states and the ratio of QB:QB
−, the formation of the Sn
states after several flashes was evaluated by a simulation integrating the fol-
lowing parameters: α=misses, β=single hits, and γ=double hits. With every
additional flash, a new population of the Sn states and ratio of QB:QB
−, res-
pectively, was obtained.
A computer-based software was used to process the successive iterations
developed as a matrix representation of a Markov chain [29] in order to evaluate
the proportions of double hits (5%) and misses (8%), keeping the other para-
meters free, as well as the initial populations of the S0/1-states (26:74) and QB:
QB
− ratio (77:23) for our thylakoids samples at pH 7.8 before treatment. The
double hit and miss values found were employed to simulate the initial states of
the thylakoid samples treated with various concentrations of TMPD.
2.10. Measurement of the Chl fluorescence during the linear warming
Chl fluorescencewasmeasured during the linear warming of thylakoids at the
rate 0.5 °C/s from −30 °C to 70 °C. For this purpose, we used glycerol 25% (v/v)
as cryoprotectant to minimize the freezing-induced damages to the OEC of PSII.
The light-induced electron transfer in PSII was initiated by applying a single turn-
over white flash before initiating the warming procedure. Chl fluorescence was
detected by pulsing ultra-slow weak blue light (LED) passing through a 480 nm
interference filter once every sampling step per s. Fluorescence superimposed to
the TL signal was segregated by interpolation.
2.11. Changes in thermoluminescence characteristics caused by
TMPD and inhibitor treatments
TMPDwas freshly prepared and added to the thylakoids membranes prior to
TLmeasurements. The ADRYagent carbonylcyanidem-chlorophenylhydrazone
(CCCP) or the inhibitor, DCMU, was prepared in ethanol. In all measurements,
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solvent induced damages. All chemicals were purchased from Sigma Chemical
Co., Oakville, Canada. Aliquots of thylakoids were rapidly mixed with these
agents in a 250-μLEppendorf tube in the dark and added to the sample well of the
TL equipment immediately just before the sequence of TL detection as described
above.
3. Results
Fig. 1A shows the TL glow curves of pea thylakoid mem-
branes in which charge separation in PSII was initiated with a
strong Xenon 1-μs width white flash. With a linear increase in
temperature from 0 °C at the rate of 0.5 °C/s, the amplitude of the
TL signal rapidly increased to attain its maximum (Tm) at 35 °C
in control thylakoid samples (Fig. 1A, trace 1). This major TL
emission band corresponds to the temperature optimum of the B-
band (30–40 °C) attributable to charge recombination between
the oxidized Mn-cluster, predominantly in the S2-state, and QB
−
[30] as detailed below. In the dark, the distribution of the S0- and
S1-states of the OEC usually stabilizes at a ratio of 25:75. This
initial distribution pattern was verified by simulation of the
experimental TL glow curves of dark-adapted thylakoid samples
as described in Materials and methods. After a flash was applied
to initiate S-state advancement, the distribution of S0:S1:S2:S3
states was stabilized at a ratio of about 2:29:65:4 as determined
by the simulation. PSII centers in S0 and S1 states or with
oxidized QB do not contribute to TL emission and the fraction of
centers stabilized in S3QB
− states was negligible (around 2–3% of
the total population). Therefore, the integrated area under the B-
band emission and the amplitude of the B-band after a flashFig. 1. Original traces of thermoluminescence showing typical B-band originating from
(B) in the absence of (1) or incubated with 2.5 (2), 5.0 (3), 7.5 (4), 10 (5), or 15
recombination in S2QA
− (Q-band), and YD
+QA
− (C-band) in the presence of 15 μM DC
respectively and then excited with a single (C) or two flashes (D).manifest the accumulation of centers in S2QB
− state. Even low
concentration of TMPD (2.5 μM) affected the amplitude of the
B-band (Fig. 1A, trace 2). This effect coincided with a global
reduction in the amplitude of the B-band (Fig. 1A, traces 3–6)
observed as TMPD concentration was raised. This was
accompanied by a shift of Tm towards lower temperatures.
Similar action of TMPD was noticeable in thylakoids isolated
from either spinach or barley leaves (data not shown).
To study the TMPD induced suppression of the B-band
emission of thylakoids in more details, thylakoids were excited
with two consecutive flashes with a delay time of 1-s (Fig. 1B).
This permits a two-oxidation step advancement in the S-states of
theMn cluster in the dark-adapted thylakoids and stabilization of
PSII centers in the mixed states of S2QB
− and S3QB
− after charge
separation. In control samples, the Tm of the B-band emission
was similar to that observed following a single flash but the
intensity of the band decreased significantly owing to a marked
change in the distribution pattern of the S2QB
− and S3QB
− charge
pairs following the 2nd flash (Fig. 1B, trace 1). In order to
estimate the distribution pattern of the S-states, the simulation
program was run several times using misses, single, and double
hits determined with dark-adapted thylakoid membranes (see
Materials and methods). After two flashes, the built up of
oxidation equivalents on the Mn-complex results in the fol-
lowing distribution of the S-states: S0:S1:S2:S3=7:4:30:59.
Based on our calculations, in this mixed population of S-states,
only 43% of the S2-states and 25% of S3-states respectively, are
capable of recombining with QB
−. The amplitude of TL origi-
nating from S3QB
− recombination is usually 1.7–2.0 times higherdark-adapted pea thylakoid membranes excited with a single (A) or two flashes
μM (6) TMPD, respectively. Changes in the TL emission ascribed for charge
MU without (1) or together with 2.5 (2), 5.0 (3), 7.5 (4) or 10 μM (5) TMPD,
Fig. 2. Thermoluminescence glow curves of the dark-adapted thylakoids excited
with a single (Panel A) or two flashes (Panel B) without (1) or with 0.025 (2),
0.05 (3), 0.1 (4), 0.2 (5) and 0.4 μM (6) CCCP, respectively.
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− [21]. Therefore, more than two thirds of the area
under the B-band emission is related to the former recombina-
tion pathway. The rest is ascribed for S2QB
− charge pairs. As for
samples illuminated with a single flash, addition of ∼2.5 μM
TMPD was sufficient to affect the B-band emission (Fig. 1B,
trace 2). Both the area under the B-band and Tm decreased with
increasing concentrations of TMPD (Fig. 1B, traces 3–6) even
though the distribution of the S-states was significantly modified
after two flashes.
The changes in the amplitudes and Tm of the B-band emission
brought out by TMPD could be related to the changes in the
population of the Sn states of the Mn cluster or quinone
acceptors. Therefore, to segregate the effects of TMPD on the
two-electron gate involving QB/QB
− couple, DCMU was used to
inhibit electron transfer between QA
− and QB. With DCMU, after
a single flash, a major luminescent band with Tm of 12–15 °C
and aminor band at about 50 °C appeared in the glow curve (Fig.
1C, trace 1). The former one is the Q-band. It arises due to the
back-flow of electrons from QA
− to S2-state. It is known that the
conversion of S2→S3 usually does not occur after a single flash
in the presence of DCMU if the initial redox state of Mn-
complex is trapped in S0 or S1-state [31]. In the presence of
DCMU, the B-band completely disappeared as QB is not
reduced. The amplitude of the Q-band slightly increased fol-
lowing the second flash (Fig. 1D, trace 1) owing to the complete
displacement of the semiquinone from the QB pocket by the
preceding flash as a consequence of efficient DCMU binding.
However, the shape of the band remained unaffected. On the
other hand, the amplitude of the band strongly decreased with
2.5 μMTMPD whether a single or double white flash were used
(Fig. 1C and D, trace 2). Upon increasing the concentration of
TMPD, recombination of S2QA
− charge pairs further declined.
The minor TL band at about 50 °C in Fig. 1C and D, the C-band,
originates from the recombination between oxidized YD, and QA
−
[24,32]. This band also declined with TMPD.
As mentioned earlier, the dominant population of the lumi-
nescent charge pairs contributing for the B-, or Q-band following
pre-illumination with one flash is S2QB
− or S2QA
−. In these charge
separated states of PSII, the S2-state of the Mn cluster is the key
recombination partner. On the other hand, the stabilization of
S3QB
− charge pairs involves the oxidation of the S2-states by a
supplementary flash. Therefore, it is possible that a block in the
advancement of the lower S-states of the Mn cluster to higher
oxidation caused by TMPD may contribute for the loss of B- or
Q-band signal (Fig. 1). Alternatively, S2-states formed by one-
electron oxidation step after a single white light flash may be
decayed to lower S-states by TMPD.
In order to correlate the TMPD induced loss of charge pairs
with the modifications in the S-states of the Mn cluster, it is
necessary to compare the action of other compounds that pro-
voke similar effects. ADRY agents like CCCP specifically
reduce the higher oxidation states and suppress the period-four
oscillation [33,34]. Fig. 2 shows the changes in the B-band
emission characteristics elicited by CCCP in the range of
0.025–0.400 μM. All experimental procedures used were
essentially similar to the measurements carried out with
TMPD. It is clear from Fig. 2A that the intensity of the B-band declined with increasing concentrations of CCCP. This was
accompanied by a shift in its Tm towards lower temperatures.
These changes in the B-band emission caused by CCCPwere not
altered by a supplementary flash (Fig. 2B). A similar decline in
the Q-band was also observed (see below, Fig. 3D).
To directly compare the effects of TMPD and CCCP on the
recombination kinetics of S2QB
−, S3QB
−, and S2QA
− charge pairs,
we analyzed the amplitudes of the B-, and Q-bands emission
quantitatively. Compared to the action of TMPD, CCCP-
dependent loss of S2QB
− and S2QA
− charge pairs was observed
at lower concentrations (Fig. 3). Whether S-state transitions
were induced by one or two flashes, the Q-band yield decreased
by almost 70% in the presence of 0.1 μMCCCPwhereas 7.5 μM
TMPDwas required to reach a similar decline. For the B-band, it
is clear that a stronger effect was observed with a single flash
compared to double flashes, this phenomenon being more
obvious for TMPD.
Fig. 4 illustrates the changes in the B-band emission as a
function of flash number. A typical oscillation pattern was
obtained with control thylakoids after the application of satu-
rating single turn over 1-μs width Xenon flashes in a sequence
with a delay time of 1-s (Fig. 4A, trace 1). This resulted in the
peaking of the B-band TL intensity after 1st (Y1) and 6th (Y6)
flash as the initial ratio of the S0:S1 and QB:QB
− were 26:74 and
77:23 respectively. This is consistent with the B-band oscillation
pattern reported previously [35]. The use of a delay time of 100
ms between the flashes did not change the flash-dependent yield
of B-band emission. However, TMPD significantly affected this
oscillation pattern as illustrated in Fig. 4A. In thylakoid samples
added with 2.5 μM TMPD (Fig. 4A, trace 2), the oscillation
pattern showed the following. Firstly, the yield of the B-band
Fig. 3. Comparative analysis of TMPD (A and B) and CCCP (C and D) -dependent decline in the yield of B-band or Q-band emission in dark-adapted thylakoids
excited with a single (closed circles) or two flashes (open circles).
Fig. 4. Flash-induced oscillation of B-band emission in dark-adapted thylakoids
incubated in the absence (1) or exposed to 2.5 (2), 5.0 (3), 7.5 (4) or 10.0 μM (5)
TMPD, respectively. Panel A, period-four oscillation pattern depicted using the
absolute amplitudes of the B-band emission; panel B, oscillation pattern derived
from normalizing Y2 to 100% for each TMPD treatment; panel C, flash-
dependent yield of B-band emission simulated using Joliot–Kok model with the
data shown in panel B. Inset: Dependency of QB on TMPD calculated from the
simulation presented in panel C.
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yields of Y1 and Y2 are consistent with the data illustrated in
Fig. 1 (Panels A–B) Secondly, the peaking of the B-band yield
was upshifted from Y1 to Y2. Yet, the standard pattern of the
B-band oscillation corresponding to the subsequent flashes
remained the same with the elevated levels of TMPD.
The flash-dependent yield of B-band emission shown in Fig.
4Awas subjected to further analyses as detailed below. The set of
traces presented in Fig. 4B were obtained by normalizing the
yield of Y2 for each TMPD treatment. Importantly, the period-
four pattern of the B-band was conserved even though the loss of
the signal corresponding to Y2 was removed. These values were
used to simulate the oscillation pattern following Joliot–Kok
model involving Markov chain matrix calculation [36]. The data
presented in Fig. 4C further confirm the changes caused by
TMPD as illustrated in Fig. 4B. It was found that the centers
stabilized in oxidized QB declined with increasing concentra-
tions of TMPD (Fig. 4, inset) in darkness before application of a
flash. As a result, the QB:QB
− ratio from 77:23 was modified to
23:77 with 10 μM TMPD. This strongly decreased the
probability to obtain S2QB
− luminescent couples after the first
flash (Y1) compared to its effect observed after two flashes
(Y2) as illustrated in Fig. 4A. This means that the intensity of
the B-band in the oscillation pattern was greatly affected by the
modified QB:QB
− ratio at the first flash only. It should be noted
that even if the S0:S1 ratio was varied we could not obtain an
appropriate simulation without changing the QB:QB
− ratio and the
data could not be explained by a change in the S0:S1 ratio.
Fig. 5 illustrates the B-band oscillation of the thylakoids
exposed to 10 μM TMPD, 0.2 μM CCCP or 25 μM hydroxy-
lamime, respectively and then excited with four consecutive
flashes. The oscillation pattern of the TMPD treated thylakoids
was analogous to the samples exposed to CCCP (Fig. 5).
Importantly, the period-four oscillation of the B-band obtained
with thylakoids exposed to hydroxylamine was rather different.
This oscillation followed neither TMPD nor CCCP (Fig. 5). In
this case, the yield of Y1 decreased by about 95% if compared
with the Y1 of the untreated thylakoids and the maximal yield
was found only at Y3. The strong diminution in the amplitude
of Y1 was mainly related to the reduction of the Mn cluster
from its high valence state to a low valence state by NH2OH
Fig. 5. The flash-dependent yield of B-band emission from dark-adapted
thylakoid membranes without additive (control) or in the presence of 0.2 μM
CCCP or 10 μM TMPD or 25 μM NH2OH.
Fig. 6. Chl fluorescence emission induced by a weak blue LED light applied
during linear warming of thylakoids from −30 °C to 70 °C without additive
(control) or in the presence of DCMU alone, 5 μM TMPD with DCMU or
0.2 μM CCCP with DCMU. Heating rate: 0.5 °C/s; Sampling rate: 1/s. Each
trace is the average of three independent measurements.
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concentration (μM range) of NH2OH, the multiline EPR
signal due to the S2-state appears only after the third flash
[39].
Fig. 6 shows the changes in the amplitude of Chl fluorescence
during the linear warming of thylakoids at the rate 0.5 °C/s from
−30 °C to 70 °C. The amplitude of Chl fluorescence observed at
−30 °C rapidly declined as the linear warming progressed to
0 °C in control thylakoids samples (Fig. 6). However, during the
phase of warming from 0 °C to ∼45 °C, the magnitude of Chl
fluorescence declined much slowly. The simultaneous recording
of the TL illustrated the appearance of the major B-band
corresponding to the S2QB
− recombination and a shoulder related
to S2QA
− recombination (data not shown). Thus, the level of Chl
fluorescence signal found in the beginning of the measurement
was related to a negligible number of PSII centers in the closed
state caused by transient freezing. A sharp increase in the
fluorescence level after 45 °C (Fig. 6) corresponded to the shift
in the electronic equilibrium of QA↔QB
− towards the former
quinone because of heating [40]. Suppression of the electron
transfer beyond QA by DCMU paralleled a strong increase in the
amplitude of Chl fluorescence at the initial phase of the
measurement since the major fraction of PSII centers stabilized
in QA
− state (Fig. 6). This fluorescence signal rapidly declined
from −30 °C to 10 °C due to QA− reoxidation. A further decline
was observed from 10 °C to 60 °C that was mainly due to
recombination between QA
− and YD. On the other hand, when
TMPD (5 μM) was added together with DCMU, the decline in
Chl fluorescence signal was much slower (Fig. 6). Clearly, this is
attributable to a retarded re-oxidation of QA
− when recombination
with the OEC was inhibited by TMPD in a large fraction of the
PSII RC. Further, thylakoids treated with CCCP together with
DCMU showed a similar slower decline of the Chl fluorescence
signal (Fig. 6) as CCCP strongly accelerated the decay of the
higher S-states.
4. Discussion
In dark-adapted PSII centers, the Mn cluster is trapped in a
S0:S1 ratio of 25:75 and the major part of QB in its oxidized
state. Excitation by a single saturating white flash to initiatecharge separation results in the formation of heterogeneous
states mainly comprised of S1YzP680QAQB, S1YzP680QAQB
−,
S2YzP680QAQB, and S2YzP680QAQB
− states, respectively. Even
though stabilization of other states such as S0QB
− (due to misses)
and S3QB
− (owing to double hits) might occur, together they
constitute only a minor part. As a whole, the luminescent S2QB
−
pairs predominate, while S1QB, S1QB
− and S2QB pairs
collectively represent less than 45% of the total population.
Taking advantage of the thermoluminescent property of the
S2QB
− and S3QB
− charge pairs, we attempted to characterize the
mechanism(s) by which the electron transfer processes of PSII
are affected by TMPD. To our knowledge this report constitutes
the first unambiguous demonstration that low concentration of
TMPD strongly interferes with the S-state cycle of the water
oxidation process on one hand and affects the electron transport
at the QB site on the other.
The most important observation is that low concentration of
TMPD (μM range) strongly disrupts the back-flow of electrons
from QB
− and QA
− to the S2-state of the Mn cluster (Figs. 1 and 3).
More than 50% of the B-band emission was lost after exposure
of pea thylakoids to 2.5 μM TMPD and then excited with one
flash (Fig. 3A). TMPD was shown to be effectively photo-
oxidized with a slow component of 60 ms in the following
reaction: TMPD+S2→TMPD
U++S1 [41]. This implies that a
fraction of S2 states generated by the flash was reduced to lower
S-states in samples exposed to TMPD in a manner similar to the
action of the ADRYagent CCCP (Figs. 1–3). Even S2QB states,
that do not contribute for luminescent recombination reaction,
are also highly vulnerable for reduction by TMPD. Therefore, a
reaction of TMPD+S2QB would result in the accumulation of
S1QB states.
Another aspect of the present work is that TMPD markedly
affect the C-band emission (Fig. 1C–D). This effect was seen in
thylakoids either excited with single or two consecutive flashes
in the absence of forward electron flow beyond QA. The
contribution of the radiative recombination involving YD
+QA
−
charge pairs declined as a consequence of a rapid loss of the S2
population and the reduction of YD
+ by TMPD. These reactions
are similar to those occurring with ADRYagents like FCCP [42].
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recombination is much higher relative to the loss of YD
+QA
−
charge pairs. This is not surprising because the dark decay
kinetics of YD
+QA
− charge pairs is several times slower when
compared to the speed of the S2QA
− decay. Besides, the decay of
the former band with a half-time of 10 min at 30 °C parallels the
suppression of the EPR signal originating from QA
− [24]. The
above confirms and extends our recent proposal, obtained from
fluorescence measurements, that the decay of QA
− in the time
scale of several seconds in TMPD treated thylakoids does not
involve the participation of the S2-state [17]. A large increase
in the amplitudes of temperature dependent Chl fluorescence
emission brought out by TMPD added together with DCMU
confirms the above notion. In such samples, the life-time of
QA
− is increased because of the loss of its recombination
partners in the Mn cluster and the absence of its re-oxidation
by QB (Fig. 6).
The experimental TL glow curves explicitly show that the
peaks of B- and Q-bands are shifted to lower temperatures if
thylakoids are exposed to TMPD above 2.5–5.0 μM and then
excited with one or two flashes (Fig. 1). With 10 μMTMPD, the
Tm of B-band emission shifted by about 10 °C. In the case of
thylakoids which were not exposed to TMPD and then excited
with a flash, Q-band emission attained its maximum at ∼15 °C
(Fig. 1C, trace 1), whereas the B-band yield at∼35 °C (Fig. 1A,
trace 1). The temperature gap between the PSII centres which are
stabilized in S2QA
− and S2QB
− is thus about 20 °C. This difference
between the peaking temperatures was not affected by TMPD in
spite of their downshifted respective Tm (Fig. 1A, trace 6 and C,
trace 5). The appearance of the B-band manifests the free energy
gap between QB− and the S2- and S3-states of the Mn cluster. On
the other hand, the Tm of the Q-band emission is explained by the
redox potential difference between QA
− and the S2-state only.
Elimination of the participation of the QB/QB
− couple in charge
recombination by DCMU did not modify the effects of TMPD
on S2QA
− back-reaction (Fig. 1C–D). There are several
explanations proposed for the shift in the Tm of TL bands either
to high or low temperatures [20,22,43–45]. An upshift in the
B-band peaking temperature relates to the requirement of higher
activation energy as it coincides with a decreased rate constant
for radiative recombination. Recently, it was shown that the
upshift in the Tm of the B-band emission following a single flash
excitation correlates with an enhanced energetic stability of the
S2QB
− charge pairs [46]. Conversely, the downshift of the B-band
emission was ascribed for the decreased energetic stability of the
S2QB
− or S3QB
− pairs [43]. The decomposition of the experimental
TL glow curves presented in Fig. 1 (A and B) following Eq. (1)
(see Materials and methods) confirmed the role of Ea to produce
such broad differences in the Tm of the B-band emission (data
not shown). Thus the PSII centers primarily affected by TMPD
were those with higher activation energy requirement for
recombination leading to B- and Q-bands. A decline in the Tm
observed with increasing concentration of TMPD indicates that
PSII centers with charge recombination of lower activation
energywere not yet affected by TMPD at the concentration used.
In this aspect, it is worth mentioning that at least two populations
of PSII exist in different conformational substates. Eachpopulation has unique kinetic and thermodynamic properties
and therefore contributes for the heterogeneity of the recombi-
nation [47]. TMPDmight preferentially affect a specific fraction
of PSII (spatially segregated in stromal and granal membranes or
non-QB centers) that participates in the slow process of the
heterogenous recombination pathways [47,48].
A significant finding in the present study is the shift of
maximal thermoluminescence from Y1 to Y2 in the period-four
oscillation by treatment with TMPD above 2.5 μM (Fig. 4).
Interestingly, the oscillation pattern of the thylakoids treated
with 0.2 μM CCCP showed the same trend (Fig. 5). In such
samples, illumination by a single turn over flash leads to reduc-
tion of oxidized CCCP in the QB pocket followed by its
replacement by PQ [34]. The upshift in the maximal yield of
B-band emission observed with TMPD is attributable to marked
changes in the distribution pattern of the QB:QB
− in the dark prior
to application of the flash. This interpretation is strongly sup-
ported by simulation of the B-band oscillation pattern using the
Joliot–Kok model and Markov chain in matrix formalism
(Fig. 4). Simulation of the flash-dependent yields of the B-band
clearly revealed a TMPD-dependent decrease in the apparent
proportions of QB (Fig. 4, inset). Accordingly, the population of
PSII centers with QB declined from 77% to 37% and 28% with
the addition of 5 and 10 μM TMPD, respectively, due to the
progressive displacement of the oxidized PQ from the QB pocket
by oxidized TMPD. The corresponding increase in the
calculated population of QB
− provides an apparent value that
represents the total mixture of PSII centers in the QB
− state and
PSII centers with a TMPDmolecule in the QB pocket. In fact, the
population of PSII with a TMPD molecule in the QB pocket
functions in a manner similar to PSII with QB
− as one flash is
sufficient for the reduction of TMPD and its replacement by an
oxidized PQ. Following the second flash, the yield of B-band
was maximized in the oscillation pattern as the accumulation of
S2QB
− and S3QB
− couples increased upon reduction of QB. Thus,
the upshift in the maximal yield of the B-band in the period-four
oscillation is mainly attributable to the interaction of TMPDwith
the QB binding site. Recent structural data obtained from
cyanobacterial PSII at 3.0 Å resolution has shown that the QB
pocket has two openings, one facing the membrane domain that
should give access to membrane bound PQ, and another directly
facing the stromal phase [5]. Assuming that higher plant PSII has
a similar structure, the latter opening must provide an access to
the QB binding site for more hydrophilic molecules such as
TMPD and CCCP.
The flash-dependent yields of the B-band obtained with
thylakoids exposed to NH2OH is markedly different from the
samples exposed to TMPD or CCCP. In this case, the yield of
TL corresponding to Y1 found in control thylakoids sample
shifted to Y3 because this agent reduced the Mn cluster in one-
electron steps (Fig. 5). In this respect, it should be emphasized
that a two-flash shift in the maximal yield of TL in the
periodicity of four strictly parallels the two-flash delay in
oxygen evolution or S2 multiline EPR signal formation. Clearly,
TMPD (in μM range) does not over-reduce or completely
destroy the Mn cluster as NH2OH does at low concentration
[6,10,12,14,37,38]. Our experimental results explicitly reveals
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− and S2QA
− recombi-
nation induced by a flash is analogous to the action of CCCP
(Figs. 1–3). The changes in the period-four oscillation brought
out by TMPD is remarkably similar to CCCP (Fig. 5). This will
necessitate the critical re-examination of the reactivity of the S-
states of the Mn cluster to this group of agents since FCCP acts
differently [34]. The exact mechanism by which TMPD reduces
the Mn cluster is not clear. However, secondary electron carriers
of the PSII reaction center complex (Cytochrome b559, β-
carotene, and ChlZ) that are reduced by the quinones of PSII
were shown to be reoxidized by P680+ thus completing a slow
cyclic electron transport pathway [49]. Such pathway was
shown to be involved in photoprotection [50]. P680+ is formed
when the OEC fails to provide sufficient reducing equivalents to
keep TyrZ in the reduced state. This is not the case in the
presence of TMPD as the high fluorescence yield demonstrated
that QA was strongly reduced (Fig. 6). Cytochrome b559, β-
carotene, and ChlZ were all shown from crystallographic data to
be located at a too long distance from the Mn cluster to act as
direct electron donors [5]. Instead, TMPD might serve as a high
potential electron donor to the higher oxidation states of the Mn
cluster being kept in reduced state by one of the reduced
secondary electron acceptors. Further experiments will be
necessary to verify the influence of TMPD on the redox
behavior of the various cofactors of the alternative electron
transport chain of PSII.
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